Introduction
Temperature detection and regulation are critical components of various homeostatic and disease-related processes (e.g., thermal adaptation, fever response, inflammation, etc.). Temperature-induced changes in ion channel conductance are one method by which biological systems receive and subsequently quantify thermal information. The quantitative measure of temperature's effect on a given channel is described by the notation Q 10 , which denotes the fold change in conductance over a span of ten degrees Celsius. Specifically, large temperature effects (Q 10 > 4) have been documented for a number of ion channels such as the Shaker (K + ), ClC-0 (Cl -), L-type (Ca 2+ ), and transient receptor potential (TRP) (Ca 2+ ) channels (1) (2) (3) (4) (5) . Perhaps most notable among these is a set of TRP family members shown to be involved directly in thermal sensation with cold-(TRPM8, TRPA1), warmth-(TRPV3, TRPV4), and heat-sensing (TRPV1, TRPV2) members (6) (7) (8) (9) (10) (11) (12) . Additional members of this family (TRPM2, TRPM4, and TRPM5) were also recently shown to be temperature sensitive (13) .
TRPV1 is a well-described cation channel found in nociceptive neurons and present in both C and Aδ fibers, as well as in other neural and non-neural tissues (14) . Transgenic mice lacking the TRPV1 gene do not develop inflammatory-mediated hyperalgesia, and profiling of TRPV1 antagonists in multiple preclinical animal models of pain strongly suggests this ion channel plays an important role in pain transmission. At the molecular level, TRPV1 responds to a variety of stimuli including low pH, heat (>42°C), capsaicin, and endogenous ligands such as anandamide (14) . This multiplicity of agonists coupled with TRPV1's importance to pain states suggests that TRPV1 may integrate several extracellular signals of inflammatory and neuropathic pain, thus making TRPV1 an attractive target for the development of novel analgesics. As low pH and the presence of inflammatory mediators results in a decrease in TRPV1 gating temperature (15) , temperature is a physiologically relevant stimulus for the discovery and development of TRPV1 antagonists as potential drugs (14) .
TRPM8 is a member of the long or melastatin family of TRP channels and was originally identified as an up-regulated transcript in a prostate cancer cell line (16) . It is expressed primarily in trigeminal and dorsal root ganglia in both A and C fibers, almost exclusively from TRPV1-and TRPA1-expressing neurons (17) . TRPM8 is gated by menthol, icilin, and innocuous cold (18-25°C; Q 10 = 24). Recent results from studies of TRPM8-deficient mice indicate that TRPM8 is necessary for proper cold detection and cold-induced analgesia, and is at least partly responsible for mediating cold allodynia in neuropathic pain states (18) . Thus, it appears that TRPM8 could be a pharmacological target for indications involving cold hyperalgesia or allodynia.
Current TRP channel high-throughput screening (HTS) assays are constructed around the use of either small-molecule agonists or other easily applicable stimuli [e.g., capsaicin or protons (low pH) for TRPV1] to gate the channel and induce Ca 2+ influx into cells. In these assays, cells were first loaded with fluorescent Ca 2+ -sensitive dyes followed by treatment with test compounds (antagonists). Cells were then exposed to an agonist and Ca 2+ influx was assessed by measuring changes in intracellular fluorescence with platforms such as Flexstation or FLIPR (Molecular Devices, Sunnyvale, CA, USA). Interestingly, to the best of our knowledge, there have been no published reports of microplatebased assays using continuous temperature changes to trigger TRP channel opening. However, the induction of stepwise, temperature-mediated channel activation using buffers of differing temperature has been reported (19, 20) . While electrophysiology is another technology that can be used to screen compounds using capsaicin and low pH, it has a much lower throughput when
The functional activity of a number of ion channels is highly sensitive to large changes in temperature. Foremost among these are the thermosensing TRP channels which include cold-(TRPM8, TRPA1), warmth-(TRPV3, TRPV4), and heat-sensing (TRPV1, TRPV2) members. TRPV1, also known as the vanilloid receptor (VR1), is activated by ligands such as capsaicin, acidic pH, and heat (an increase in temperature to ~42°C will lead to channel opening). Screening against the thermal gating of TRPV1 is generally performed using perfusion systems or water baths for temperature control, in conjunction with electrophysiology or Ca 2+ influx readouts for direct functional assessment. These approaches are very useful, but have limited throughput or minimal thermo-temporal control. A standard realtime PCR machine with standard microplates allowed us to combine fluorescent Ca 2+ detection with precise temperature manipulation to develop a homogeneous (Z′ = 0.53), cell-based assay that uses temperature as the agonist. A temperature response curve of TRPV1 was obtained, which provided a T 50 of 46.1°C, and IC 50 values against heat agonism were determined for known TRPV1 antagonists. Furthermore, we expanded this approach to a cold-activated ion channel, TRPM8. We developed and validated an analytical technique with broad applications for the study and screening of temperature-gated ion channels.
temperature is used as the channel-opening modality (21) . In the current study, we describe the use of a standard real-time PCR machine to develop a cell-based, functional assay employing temperature as an agonist for ion channel gating. We demonstrate this assay's potential for compound screening and its use in the analysis of small molecules targeting TRPV1. Furthermore, we subsequently describe the application of the assay to another temperature-sensitive TRP channel, the cold sensor TRPM8.
Materials and methods

Reagents
Tissue culture reagents, 5′-iodo resiniferatoxin (I-RTX), Fluo-4 AM, and capsazepine were purchased from Mediatech (Manassas, VA, USA), Tocris-Cookson (Ellisville, MO, USA), Invitrogen (Carlsbad, CA, USA), and Sigma-Aldrich (St. Louis, MO, USA), respectively. Other chemical compounds were synthesized in-house.
Constructs and cell culture
The TRPV1 coding domain was amplified from a human DRG cDNA library (Clontech, Palo Alto, CA, USA) and the TRPM8 coding domain sequence was amplified from the Megaman human transcriptome library (Stratagene, La Jolla, CA, USA). Full-length coding domain sequences were ligated into pcDNA5TO and transfected into 293-TREx cells to generate stable TRPV1 or TRPM8-expressing cell lines. Cells were cultured in DMEM, supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/ mL penicillin, 100 µg/mL streptomycin, 200 µM glutamax, 5 µg/mL blasticidin and 200 µg/mL hygromycin. TRPV1 (or TRPM8) expression was induced by adding 1 µg/mL doxycycline to the cell medium 24 h prior to the assay.
Experimental protocols
Cell preparation. Media was removed from the attached hTRPV1-(or hTRPM8-) expressing cells and a 1-µM Fluo-4 AM dye solution in PBS was applied for 30 min at 37°C. Cells were then detached from the tissue culture dish using EDTA, centrifuged, resuspended in PBS, counted with a hemacytometer (Model no. 1483, Hausser Scientific, Horsham, PA, USA), and plated at 100,000 cells/well in a 96-well conical bottom PCR plate (Model no. EK-19280, Greiner, Monroe, NC, USA). Temperature control over the cellular environment was accomplished with an ABI 7700 instrument (Applied Biosystems, Foster City, CA, USA).
Temperature response curves. Cells were plated and assayed one column at a time as follows: for TRPV1, 22°C for 2 min followed by a temperature of between 36°C and 54°C, in 2°C increments, for 5 min; for TRPM8, 37°C for 2 min followed by a temperature between 37°C and 10°C, in 3°C decrements, for 5 min. While no significant fluorescence was observed in heated HEK293-TREx cells, some was observed when cells were cooled to ≤10°C. Accordingly, background signal was subtracted for TRPM8-expressing cells prior to data analysis.
Z′ factor and IC 50 experiments. Antagonists were added to cells following the dye loading and cell plating steps. The following programs were applied to the assay plate: 22°C for 2 min followed by 50°C for 5 min (for TRPV1) or 37°C for 2 min followed by 14°C for 5 min (for TRPM8), with fluorescence data collected throughout.
Data analysis
Raw results were exported to Excel for the extraction of the fluorescence data collected at the starting and ending temperatures, which were used to calculate a fluorescence ratio. IC 50 (half maximal concentration) and T 50 (temperature at which half maximal signal is observed) curves were generated by fitting the fluorescence ratio data with a 4-parameter sigmoidal curve equation using GraphPad Prism (GraphPad Software, La Jolla, CA, USA):
where EC 50 is the concentration of agonist eliciting a response halfway between the baseline (bottom) and maximum response (top), n H is the Hill slope and x = log(concentration or temperature). Z′-factor and assay window (AW) determination were performed using the following equations:
Mean Mean 
Results and discussion
Experimental setup and signal detection A common readout for ion channel functional activity is the fluorescence observed in the presence of binding between incoming ions and an intracellular dye whose fluorescence properties are modified through binding to these ions. As a standard real-time PCR machine provides both a fluorescence excitation and reading capability along with tight temperature control, we postulated it could be used to monitor the functional activity of temperature-sensitive ion channels in live cells. An additional benefit lay in the 96-well format found in our real-time PCR machine of choice (ABI 7700), which suggested the possible simultaneous analysis of multiple sets of conditions. However, specific constraints were encountered in adapting the ABI 7700 from DNA analysis into a cell-based temperature assay platform in order to exploit its tight temperature regulation: in particular, single line excitation with the laser of this instrument at 488 nm excluded the possible use of ratiometric dyes such as Fura-2 or Indo-1, which are most commonly used to assess Ca 2+ influx. As the Ca 2+ -sensitive dye Fluo-4 possesses similar excitation/emission (ex/em) characteristics compared with FITC (ex 491 nm/em 516 nm and ex 488 nm/em 518 nm, respectively), a dye commonly used for real-time PCR reactions, the ABI 7700 instrument was capable of detecting changes in Fluo-4 f luorescence induced by its binding to calcium ions ( Figure 1A) . Thus, hTRPV1-expressing cells in suspension were preloaded with Fluo-4, placed in a 96 well Taqman assay plate, and loaded into the ABI7700 where their temperature was modulated at a rate of up to 1°C/s. As shown in Figure 1B , heatinduced Ca 2+ influx through the TRPV1 channel can be observed as an increase in fluorescence (green trace) concomitant with the rapid, yet precisely controlled rise in temperature from 22°C to 50°C ( Figure 1C ). Importantly, Ca 2+ influx was only observed in TREx-hTRPV1 cells and not in untransfected TREx cells (data not shown). This signal represents a homogeneous readout of cells in suspension and can be blocked by the addition of N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl)tetrahydropyrazine-1(2H)-carbox-amide (BCTC; Figure 1B , orange trace), a known TRPV1 antagonist (22) . For reasons that are not clear, the initial increase in temperature leads to a transient decrease in fluorescence ( Figure 1B ). This dip in signal is not TRPV1-dependent since it is also observed in untransfected TREx cells (data not shown).
Temperature response curve of TRPV1
In order to get a more detailed understanding of the relationship between temperature and TRPV1 activation, hTRPV1-expressing cells were exposed to a range of increasing temperatures ( Figure 2A) . A temperature response curve was obtained with a T 50 value of 46.1°C, the temperature at which 50% of the maximum signal was observed. Maximal channel activity was recorded at 52°C with no further fluorescence increases above this temperature, suggesting that all the cells present in the well were fully activated at this point. It should be noted that based on the characteristics of the dye [Ca 2+ -Fluo-4 dissociation constant (K D ) = 345 nM], the signal can be expected to be approximately linear between ~35 nM and ~3.5 µM, and will start to saturate at higher intracellular concentrations of calcium. Importantly, as TRPV1 can be sensitized by previous activation (including exposure to heat), each data point was obtained from a naive set of cells not previously heated. These results are not only consistent with published electrophysiology data indicating channel opening at 42-45°C, but they also delineate the maximal excitation of the temperature response of TRPV1 (12) . Furthermore, as a cell population is being studied instead of a single cell, some signal is observed below and above the normal temperature threshold of 42°C as documented previously by others (23) . The use of a cell population also explains why the temperature dependency of channel opening (Q 10 ) observed in this experiment is lower than in singlecell experiments: the activity of all the cells is integrated, including those with a lower- Short Technical Reports and higher-than-average threshold, and this integration will result in a shallower response curve.
Assay characterization
In order to validate this assay for screening purposes, the statistical parameters of the assay data were evaluated in 96-well format using BCTC as a positive control. As can be seen in Figure 2B , this temperature assay displayed a Z′ factor of 0.53, above the generally accepted threshold of 0.5 value indicating that an assay is suitable for high throughput screening (24) . Additionally, the assay window was calculated to be 0.38 fluorescence ratio units.
IC 50 determination for known TRPV1 antagonists
The inhibition of capsaicin-and low pH-activated TRPV1 by BCTC has been well characterized (22) . We used this temperature assay to determine its potency against heat-activated hTRPV1. Our experimental data indicates that BCTC is a potent inhibitor of heat-activated hTRPV1 calcium influx as well ( Figure  2C , IC 50 = 5.4 nM). Potency values in the temperature assay for other published TRPV1 antagonists can be seen in Table 1 . All antagonists tested were capable of inhibiting heat activation of TRPV1. However, we, like others (25) , found SB-366791 to appear less potent than originally predicted (26) and capsazepine displayed a relatively high IC 50 as well. Interestingly, the ranking order of these compounds is mostly conserved in the three widely different assays chosen for comparison: calcium influx with heat activation, electrophysiology with capsaicin stimulation, and binding with
These results are consistent with the hypothesis that heat activation of TRPV1 is susceptible to the same inhibitory molecular mechanisms to which other agonist modalities are sensitive.
Application of the temperature assay to cold-sensing TRPM8 In addition to TRPV1, the activation of multiple other TRP channels (TRPV2, TRPV3, TRPV4, TRPA1, and TRPM8) has been shown to be temperaturedependent. Gating by temperature across TREx-hTRPM8 cells were exposed to a temperature curve (decreasing in increments of 3°C) and fluorescence ratios were calculated for each temperature. This experiment was performed independently twice and the results were combined for analysis. Normalization was applied in order to control for ratio fluctuations between experiments and was calculated by dividing the ratio from each temperature by the maximal ratio (in this case, obtained at 13°C) for that experiment. The temperature at which half of the hTRPM8 response is observed is T 50 = 18.0°C (95% confidence interval: 17.1-18.9°C). (B) An IC 50 curve was obtained for BCTC in TREx-hTRPM8 cells using a stimulation temperature of 14°C. The average IC 50 value obtained for BCTC is 436 nM (95% confidence interval: 274-695 nM). This experiment was performed independently twice and the results were combined for analysis (mean ± sem, n = 2).
A B
BioTechniques E-Alerts
BioTechniques Weekly Weekly newsletter with industry insight for life scientists: news, new products, grants deadlines, employment opportunities, and events.
Advance Online Publication (AOP)
Monthly alert with select research papers published online ahead of the print. Register today at www.BioTechniques.com/newsletters
The International Journal of Life Science Methods a broad thermal spectrum can be seen for TRP family members as both heat (e.g., TRPV1) and cold (e.g., TRPM8) can lead to channel opening. Accordingly, we applied this temperature assay to coldactivated TRPM8 to assess the utility of this assay platform for studying and screening against cold-sensing channels.
A protocol similar to that followed in TRPV1 experiments was utilized with the exception that TRPM8 cells were initially held at 37°C before their temperature was subsequently lowered to sub-physiological levels. As shown previously with TRPV1, a temperature response curve depicting the activation of TRPM8 as a function of decreasing temperatures could be obtained ( Figure 3A ) with a T 50 of 18.0°C, consistent with the thresholds reported for TRPM8 activation using electrophysiology in mammalian cells heterologously expressing TRPM8 (6, 7) . Each data point was obtained from an independent set of naive cells that were not previously cooled. The TRPV1 antagonist BCTC is also an antagonist of menthol-activated TRPM8, albeit at much higher concentrations (27) . Application of BCTC to cold-activated TRPM8 expressing cells prevented Ca 2+ influx at high concentrations (10 µM) and its IC 50 was determined to be 436 nM ( Figure 3B ), a result consistent with the values obtained against menthol-activated TRPM8 in-house [IC 50 = 438 nM (95% confidence interval: 261-733 nM), data not shown] and reported previously by others using electrophysiology (27) . These results illustrate that this technical approach is suitable for the study of the cold-activated ion channel TRPM8. Under physiological conditions, temperature can act as an endogenous agonist for a variety of TRP ion channels. We have developed a temperature-based Ca 2+ influx assay that can be used to study and screen for agents that alter the thermal response of these temperature-sensitive channels. Characterization of this assay for TRPV1, including a Z′-factor of >0.5, demonstrates that it is amenable to screening within a drug discovery paradigm. For TRPV1 antagonists, data obtained using this assay produced IC 50 trends similar to those observed in other well established TRPV1 assays.
The effect of temperature on channel activity has previously been assessed using electrophysiology and we propose this technique as a complementary approach for the use of temperature as an activation mechanism. The features differentiating it from electrophysiology include a 96-well format, the ability to study cell populations instead of single cells, and the use of equipment and personnel skills already present in most biology laboratories. Similarly, a radioactive 45 Ca 2+ influx assay-where TRPV1-expressing cells were placed in a 45°C water bath-was published recently and can be used to characterize select compounds (20) . However, this approach does not provide the kinetic, real-time read of channel activity nor the thermo-temporal control over the cellular environment that the approach herein provides. Importantly, temperature acts as an activation mechanism for multiple other TRP family members, some of which do not have well characterized direct small-molecule agonists. The technique presented here may be useful in studies of these channels.
The potential importance of characterizing an antagonist's ability to inhibit heat gating of TRPV1 is exemplified by capsazepine. This TRPV1 antagonist inhibits capsaicin-activated rat TRPV1 completely, but displays only partial inhibition of heat-activated rTRPV1 and has no effect on activation by low pH. This decoupling of inhibition toward different activation mechanisms was hypothesized to be responsible for the lack of efficacy observed in pain studies conducted in rats treated with capsazepine (25, 28) . In these regards, a screening approach using temperature as the agonist may hold particular value in drug development. This study demonstrates the usefulness of this technique with both heat-(TRPV1) and cold-(TRPM8) activated ion channels for screening and characterization purposes.
